Nageotte I has demonstrated that in pieces of peripheral nerves removed from the living animal and kept in vitro under certain con, ditions, the first stages of Wallerian degeneration may occur exactly as in the peripheral part of a divided nerve in the living organism. The phenomena are identical, but the process takes place more quickly in vitro. The conditions required for this degeneration in vitro are the presence of a solution of sodium chloride with some salt of bivalent metals (calcium, strontium, or magnesium) in suitable proportions, such as Ringer solution.
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(Received for publication, July 21, 1915.) Nageotte I has demonstrated that in pieces of peripheral nerves removed from the living animal and kept in vitro under certain con, ditions, the first stages of Wallerian degeneration may occur exactly as in the peripheral part of a divided nerve in the living organism. The phenomena are identical, but the process takes place more quickly in vitro. The conditions required for this degeneration in vitro are the presence of a solution of sodium chloride with some salt of bivalent metals (calcium, strontium, or magnesium) in suitable proportions, such as Ringer solution.
Nageotte found that the incubation of nerve fibers in isotonic solution of sodium chloride for twenty-four hours left them unaltered, and if they were put in Locke's solution after several days they degenerated exactly as if they were put directly into this fluid. I have observed a typical Wallerian degeneration in nerve fibers incubated in homologous and heterologous serum at body temperature for twenty-four hours, and in this case, as well as in Locke's solution, the degeneration takes place much more quickly than in the organism. One would expect, therefore, a Wallerian degeneration as a result of the incub~ion of peripheral nerves in plasma, but this did not take place.
Nageotte, J., Compt. rend. Acad. d. so., 1910, cl, 731; Compt. rend. So¢. de biol., 1910, lxix, 556. 251 EXPEP..IMENTAL.
The experiments were performed in the following way. From a living rabbit pieces ½ to ] cm. long were removed from the sciatic nerve, and the nerve fibers were dissociated in Ringer solution by means of needles. The fibers were put immediately into a drop of plasma on a cover-glass, which was inverted over a hollow slide, sealed with paraffin, and incubated at 38 ° C. The preparations were observed from day to day under the microscope on a heated table and no change in the fibers was noticed up to the 10th or 12th day after incubation (Figs. i and 2). In hardened and stained preparations the nerve fibers had the same appearance on the 6th, 7th, and 8th days as on the 1st day.
I attempted to produce a degeneration in the nerves by adding calcium chloride to the plasma, but the results were the same. One drop of a 1 per cent solution of calcium chloride was added to 5, 7, and 8 drops of plasma, and from each of these mixtures a series of preparations were incubated at 38 ° C. As a control 1 drop of 1 per cent solution of calcium chloride was added to 5, 7, and 8 drops of serum and to 5, 7, and 8 drops of Ringer solution in which nerve fibers were incubated.
In the nerve fibers from the calcium plasma no degeneration occurred, whereas the nerves from the calcium "serum and calcium Ringer solution tubes developed a degeneration in the usual way.
It is well known that pieces of connective tissue, glandular organs, skin, etc., when incubated for some time in plasma give rise to a growth of tissue around the original fragment, in some cases of the same specific cells as those constituting the original piece, but more often built of cells resembling the connective tissue cell type. Accordingly, it was to be expected that in the experiments a growth of tissue would occur originating from the cells of Schwann, but this did not take place. I prepared 80 cultures of nerve fibers removed from the sciatic nerve of living rabbits and in none was growth observed up to the 16th day of incubation.
I then cut the sciatic nerve of a rabbit, closed the wound, and twenty-four hours later removGa a piece from the peripheral part. From this piece of nerve which had developed the first faint changes of the Wallerian degeneration 10 cultures were prepared. No growth was observed from these nerve fibers.
Another series of 32 cultures was prepared, in the usual way with a hanging drop of plasma in hollow slides, from the peripheral part of a divided nerve 2 days after section. There were no changes in the fibers, and no growth was observed up to the 16th day.
Twelve cultures were prepared from the peripheral part of a divided nerve 4 days after section, and there was no growth.
In a series of 36 cultures prepared from the peripheral part of a divided nerve 5 days after section different results were recorded. In 6 of these 36 cultures I observed a growth of characteristic appearance.
After incubating the cultures for 3 and 4 days a number of thin filaments consisting of light-breaking, slightly granular protoplasm were seen growing out from the cut ends of the nerve fibers. In the beginning they have a conic or tapering shape ending in a point in which are seen ameboid movements, by means of which they emerge into the plasma, gain in length, and soon take on a more or less regularly cylindrica~ appearance measuring in width the same as or slightly less than the individual nerve fibers from which they have grown out. They branch freely, and from the 5th day they assume other characteristics, which are, however, best studied after fixation and staining.
Some of the cultures were hardened in formalin (2 per cent) and subsequently stained in hematoxylin. Others were hardened by means of the Held pyridin method and stained by Cajal's silver nitrate method.
Preparations Stained by 4, and 5 .) The original piece of nerve is 3 to 8 ram. long and about ½ to 1 mm. wide. In its two ends the individual nerve fibers are easily discernible and display the ordinary appearance of Wallerian degeneration from this stage (that is~ on the 5th day). Included in the sheaths of SchwaIm the following structures are seen: myelin ovoids containing fragments of the axis cylinder, and between 2 ovoids the nuclei of Schwann dislodged into the center of the fiber and embedded in protoplasm. From the cut ends of the individual nerve fibers the newly grown structures enter the plasma. In many of the fibers that give rise to growth, the cross-section of the fiber made by its removal from the animal has passed close by a nucleus of Schwann, and such a cell marks the end of the old fiber and the beginning of the young one.
In only a few of tahe old fibers a nucleus of Schwann is not present at the end, but in these cases it is found in the fiber only a few microns further in toward the center.
When they reach the plasma, the newly grown protoplasmic structures which form a direct outgrowth from the perinuclear protoplasm (syncytinm) of Schwann of the old fibers are slightly fibrillary or granular. They have a tapering shape and a width averaging at their starting point 6 to 8 microns; that is, slightly less than the fibers from which they have grown out. Their tree-like branches are much thinner than the main stem and end in a point or a little bulb, round or oval in shape. In some of the newly grown filaments from distance to distance a well outlined and darkly stained nucleus is seen. These nuclei are oval or fusiform with their longest diameter in the direction of the filament; their shortest (transverse) diameter is ordinarily larger than the filament itself and the presence of the nuclei in the filaments produces varicosities of a corresponding size.
In some of the filaments 3 to 4 nuclei appear in a row one after another embedded in a granular column of protoplasm without any membrane, the whole picture resembling the contents of the sheaths of Schwann in a degenerating nerve 14 to 15 days after section. To complete this likeness we find included in some of the grown out threads small agglomerations of fatty (myelin) globules of different volume from that of minute granules up to or even surpassing the size of a nucleus of Schwann, embedded in varicose accumulations of protoplasm and generally beside a nucleus of Schwann.
In some preparations the filaments after reaching the plasma anastomose between each other, and thus form a real frameworklike syncytium (Fig. 4) . After 6 days of incubation the newly grown filaments are about 500 microns in length.
Silver-Impregnated Preparations.--The Held pyridin method was found to be the only practicable one for fixing the cultures. It causes no precipitation in the plasma and the subsequent staining by Cajal's silver nitrate method has given good results.
The original fragments of nerves stain dark brown and the surrounding plasma a light yellowish brown. The filaments which have grown out are slightly darker brown than the plasma and are easily discernible against this background. In no case did the newly grown filaments assume the black, or dark brown color which is characteristic of axis cylinders treated according to this method, which I have demonstrated growing out from pieces of cerebellum and spinal ganglia incubated in plasma.
Morphologically the preparations display the same appearance as the hematoxylin preparations.
The newly grown filaments emerge from the transversely cut ends of the nerve fibers, at the end of which a nucleus of Schwann surrounded by protoplasm is often observed; or such a cell is seen a little further in toward the center of the piece, or in the young fiber a few microns from its base. The filaments are of different sizes, measuring in width from 2 to 3 microns up to 8 to 9 microns at the point where they enter the plasma. From this point they steadily decrease in size and in their course through the plasma they curve and bend in various directions, although as a rule the main direction in the beginning of their growth at least is parallel to the nerve fibers of the original fragment. The filaments are for the most part unevenly shaped and provided with large and small varicosities. The large varicosities include one and sometimes two oval nuclei of the Schwann nucleus type, the small varicosifies are formed by accumulation of granular protoplasm. Some of the largest filaments divide into two or three branches which part from the main stem at acute angles, usually leaving a little varicosity of protoplasm at the point of division. The finest branches are provided with minute varicosifies and they end in a point or in a little granular protoplasmic bulb.
In a series of 20 cultures prepared from the peripheral part of a divided nerve 6 days after section a growth of filaments was observed in 5. The newly grown structures had the appearance described above (Figs. 6 and 7) .
I prepared cultures from the peripheral part of a divided nerve, 8, 10, 13, 15, and 19 days after section. The results of these experiments are shown in Table I .
The following conclusions may be drawn from these experiments. Plasma cultures prepared from normal peripheral nerves give rise to no proliferation of cells. Plasma cultures prepared from the peripheral part of a divided nerve within the first 4 days after section give rise to no growth. 16 per cent of plasma cultttres prepared from the peripheral part of a divided nerve 5 days after section give rise to a proliferation in the plasma of the syncytium of Schwann, and in series of cultures prepared from such a divided nerve in Wallerian degeneration there is a direct ratio between the stage of the Wallerian degeneration counted in days and the percentage of positive cultures as £ar as the growth of syncytium of Schwann is concerned.
The growth in plasma of the syncytium of Schwann from nerve fibers in a Wallerian degeneration of a more progressed stage, from the 13th day for instance, displays minor variations from what has been described concerning the growth from fibers in an earlier stage. The growth is more abundant and the rate of growth is quicker. The fibers are mostly parallel; they are much thinner in their whole length and are far more richly provided with nuclei of the ordinary oval Schwann nucleus type. Around many of these nuclei there is an agglomeration of fatty (myelin) granules embedded in scant protoplasm. The filaments from the later stages of Wallerian degeneration are not so liable to branch, and anastomoses are not seen (Figs. 8, 9, 10, and 11). In Ca jal preparations from this stage too, the fibers stain light brown and none of them take the black or dark brown color which is charactoristic of the axis cylinders. Besides the filaments a migration and growth of ordinary connective tissue cells (Fig. 3) are found in many of the cultures. I should mention here the results of my experiments on the cultivation of pieces of the central nervous system and spinal ganglia of young mammals. In 19132 I observed that the brains of chick embryos, of catS 6 weeks old, of rabbits 2 months old, and of dogs 3 weeks old, when Cultivated in plasma developed long (1.25 ram.) protoplasmic filaments, which were studied mainly from living preparations and were interpreted as nerve fibers. Such structures developed also from spinal ganglia of rabbits 7 months old and from the spinal cord of cats 6 weeks old. In a later communication,~ after having succeeded in staining the preparations by means of Cajal silver impregnation, I stated in confirmation of my preliminary report, that nerve fibers grow out from pieces of cerebellum and spinal ganglia of young cats and guinea pigs when cultivated in plasma, and that these nerve fibers did not anastomose, and extended into the plasma unaccompanied by structures of any kind.
Certain other phenomena of growth were also observed by means of the silver impregnation which made possible a discrimination between two different kind of filaments, one of which was nerve fibers and the other probably neuroglia. The proof that nerve fibers grew into the plasma was based upon the direct and continual extension of the black silver-stained nerve fibers of the original pieces into the plasma, where they formed evenly cylindrical or uneven and varicose, mostly branching filaments, which were never granular and did not anastomose.
Besides these fibers an abundant growth of syncytial protoplasm was observed. In unstained living preparations it is difficult if not impossible to tell whether a filament is a nerve fiber or a neuroglia fiber, the difference between them being rather insignificant aside from the anastomoses, which, judging from the stained specimens, frequently occur between the neuroglia fibers but never between the nerve fibers. In silver-stained specimens, however, there is a marked difference between the grown out nerve fibers and the neuroglia syncytium.
As shown in Fig. 12 , the filaments supposed to be neuroglia are not quite cylindrical but are unevenly shaped; they are provided with varicosities, and between the latter the protoplasm is granular. The main point, however, is the presence of anastomoses between ~f-ferent fibers, resulting in a real framework-like syncytium in the plasma. The difficulties encountered in the fixation of the cultures have made my experiments aiming to a coloration by means of a method supposed to be more or less specific for neurog]ia entirely unsuccessful, so aside from the silver-stained preparations I have studied them by means of basic hematoxylin. I cannot, therefore, prove that the fibers just described are neuroglia, but indirect evidence supporting this view can be produced by excluding what we know they are not. Previous investigations (Carrel and Burrows, Ingebrigtsen) have shown that connective tissue and endothelial tissue grow in plasma in a manner quite different from the structures under consideration. As demonstrated from the silver preparations the nerve fibers growing out from ganglia cells also display a different aspect. And then the only conceivable idea concerning their origin is the assumption that these fibers are growing neuroglia tissue. Fig. 13 A is produced by a combination of three photographs of a culture 3 days old from a piece of cerebellum taken from a young cat. The photographs have been focused on three different planes, follo~v-ing the fibers in their course from their beginning in a big cell of the cortex of cerebellum out to their branches and ends in the plasma. Fig. 13 B is a drawing reproduced from the combined photographs, bringing out d~tails o5 the preparation which h~ve been omitted in the photographs. These illustrations show how the protoplasmic filaments growing out of the big cell branch, anastomose between themselves, and with other fibers from the neighborhood form a real syncytium built of protoplasmic filaments of different size.
DISCUSSION.
The Wallerian degeneration of a peripheral nerve means the death and disintegration of the axis cylinders and myelin sheath.
From the work of Ranvier 4 we know that the process is influenced in its rate by various agencies; thus it occurs more quickly in young animals than in older ones, in vigorous and healthy individuals than in the sick, more quickly also in warm-blooded than in cold-blooded animals, and in mammals it occurs more quickly in rabbits, for instance, than in dogs.
But in any case the various stages of degeneration follow each other in a typical way quite ~fferent from that of a nerve in the dead body.
Mtinckeberg and Bethe 5 have observed that the first stages of the WaJlerlan degeneration may occur in a de~d animal when it is kept at body temperature for some hours, but that it stops within the first twenty-four hours. I have confirmed the results of these investigators and found that there is no progress of the degeneration of the nerves after twelve hours in a dead body kept at 38 °. As the death of the individual is different from cellular death, the latter occurring later than the former, Mrnckeberg and Bethe concluded that the Wallerian degeneration is a process connected with living t~$~11e.
Merzbache# confirming this view added that the occurrence of a Wallerian degeneration inn nerve means that this nerve is in a condition of survival.
Nageotte 1 succeeded in producing the first stages of Wallerian degeneration in nerves kept in survival in vitro, and his work has demonstrated: that the segmentation o.f the axis cylinders and myelin sheaths is independent of, and does not, as believed by Ranvier, result from the functions of the protoplasm of the cells of Schwann. The conception of Nageotte concex, ning the segmentation of the myelin-clad axis cylinders is that the myelin sheath, which is built of living protoplasm rich in mitochondria, digests the axis cylinders in the closed ovoid cavities formed by its segmentation, dying later after having performed this function. This conception of the part played by the myelin sheath in the destruction of the axis cylinder has been adopted by Cajal. The autodigestion of the myelin-clad axis cylinders develops in vitro in a solution containing sodium chloride and salts of some bivalent metal in certain proportions. This observation of Nageotte demonstrates that the segmentation of the myelin sheath obeys the laws of Loeb as does the life of living animals (Nageotte). It obeys also the other laws of biology. It does not occur in nerves kept at 0 ° nor in those kept at 45 ° C.
I have found that the segmentation of the myelin sheath is completely abolished in plasma. This does not mean that the nerves kept in plasma are dead; for we know (Carrel and Burrows 7 and Ingebrigtsen ~) that plasma is by far the best medium for the maintenance of life of tissue outside of the body, and we have a direct proof of the survival of nerves kept in plasma from the fact that in this medium the cells of Schwann give rise to a rich proliferation. And nerve fibers incubated in plasma for twenty-four and forty-eight hours develop a WaUerian degeneration when incubated afterwards in Ringer solution. The proper ratio of calcium and sodium salts is present in plasma as well as in seram, and the addition of calcium chloride did not produce segmentation.
It is difficult to understand how Wallerian degeneration is inhibited in plasma. The reasonable conclusion seems to be that the nerve does not die and degenerate in plasma, because it exists there in extremely favorable conditions, more favorable than those prevailing in the organism, where the peripheral part of a divided nerve must degenerate.
Proliferation of the cells of Schwann does not take place, however, even in plasma unless the first stages of the myelin segmentation have developed in the fibers already before their implantation in the new medium. While fibers removed from the peripheral part of a divided nerve within the first 4 days after section give rise to no growth in plasma, a growth occurred in 16 per cent of the cultures prepared from nerve fibers on the 5th day of WaUerian degeneration, and from later stages an increasing percentage of positive cultures was recorded.
We know that in the peripheral part of a divided nerve in rabbits a hypertrophy of the protoplasm of the cells of Schwann is visible on 7 Carrel, A., and Burrows, M. T., Jour. Expcr. Med., 1911 , xiv, 244. 8 Ingebrigtsen, R., Jour. Exper. Med., 1912 the 4th day; their multiplication begins about the 6th day, when the segmentation of the myelin sheath is well started. From these facts it may be concluded that the cells of Schwann are quiescent and unable to multiply up to a certain stage of myelin and axis cylinder segmentation, and that the latter and not the section of the nerve is the direct cause of their proliferation.
Our interpretation of the protoplasmic structures growing into the plasma from the cut ends of the nerve fibers seems to be conclusive; it is clear from the illustrations that they are direct outgrowths from the cells of Schwann, characterized by a tendency to form a syncytial framework. Is this an indication that such an outgrowth occurs from the cut end of a degenerating nerve (central end of peripheral segment) in the organism, and plays some part in the processes of union and regeneration? I have never seen it and I am not aware that it has been noticed by other observers. But it is probable that such a growth from the cells of Schwann of the peripheral part of a divided nerve extends into the scar tissue forming part of it. That structures of this kind have not yet been detected in the organism does not prove their non-existence. They stain faintly, and curving and bending through the scar tissue it may be difficult to bring out their true form.
The centrifugal orientation of the young axis cylinders growing out from the central part of a divided nerve has been explained by Forssman, 9 and his explanation has been accepted and modified by CajaP ° on the assumption of positive chemotactic influences exerted by the cells of Schwann of the peripheral part. This assumption is merely hypothetical. An anatomical conception of the centrifugal orientation based upon my experiments seems more satisfactory, assuming that the protoplasmic syncytium of Schwann growing out from the peripheral part of a divided nerve, branching in the scar may receive the axis cylinders coming from the central part and serve as a guidance for them into the peripheral segment. In no case did I observe axis cylinders forming inside or growing out from the incubated nerve fibers. The fact that axis cylinders grow out into the plasma from pieces of the central nervous system containing ganglia cells, is an additional argument in favor of the monogenetic theory of the regeneration of nerves.
From a morphological standpoint the study of the grown out syncytium of Schwann in the plasma presents some features of interest. The study of the structure of the protoplasm of Schwann is a difficult task, and it is only in the last few years that the work of Nageotte has elucidated its syncytial nature. The protoplasm growing out from the cells of Schwann in the plasma in the first stages of the Wallerian degeneration shows a tendency to form a syncytial network. In the protoplasmic structures growing out in the later stages of Wallerian degeneration the liability to branch and anastomose is not so pronounced; the straight parallel rows of cells are similar to the so called bands of yon Biingner. n The bands of yon Biingner have been interpreted by this investigator and several others after him as the first signs of a differentiation of an axis cylinder out of the multiplied and coalesced cells of Schwann in a degenerating nerve. The errors of this interpretation, however, have been shown by CajaP ° and Nageotte. 12 My photographs of the syncytium of Schwann growing in plasma, and showing the morphological likeness between the structures and axis cylinders, give an additional demonstration of the error. It is interesting to note the corresponding appearance of a syncytlum of Schwann and syncytial neuroglia growing in plasma. There is very little difference between the pictures, and this is not surprising, when we take into consideration the common origin of these tissues in the early fetal life of the organism.
CONCLUSIONS.
1. The Wallerian degeneration occurring in peripheral nerves by incubation in Ringer solution and serum does not occur in plasma.
2. Peripheral nerves incubated in plasma give rise to no growth. The same is true of peripheral nerves in a Wallerian degeneration up to the 4th day.
3. Peripheral nerves in Wallerian degeneration from the 5th day give rise to a growth of the syncytium of Schwann. In cultures from n yon Biingner, O., Beitr. z. path. Anat. u. z. allg. Path., 1891 , x, 321. 13 Nageotte, Compt. rend. Soc. de biol., 1911 later stages there is a progressive growth of the same structure. It is evident that the proliferation of the cells of Schwann is directly produced by the degeneration of the axis cylinder and its myelin sheath.
4. In no case was growth of axis cylinders observed. 5. The growth of the syncytium of Schwann from degenerating nerves affords a basis for an anatomical conception of the centrifugal orientation of growing axis cylinders in regeneration.
6. Morphologically there is a striking resemblance between the syncytium of Schwann and neuroglia growing in plasma.
EXPLANATION OF PLATES. 13
PLATE 34.
FIGS. 1 AND 2. Microphotographs of nerve fibers from the sciatic nerve of a rabbit, incubated in plasma for 12 days. Hardened in formalin and stained with hematoxylin. Note the varicosities produced by nuclei.
PLATE 38.
FIGS. 8 AND 9. Microphotographs of protoplasmic structures grown in plasma, from the cut end of a nerve segment removed from the peripheral part of a divided nerve 13 days after section. Incubated for 5 days and stained with hematoxylin. 
